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Programmed cell deathDuring the development of metazoans, programmed cell death (PCD) is essential for tissue patterning, removal
of unwanted cells andmaintaining homeostasis. In the past 20 yearsDrosophilamelanogaster has been one of the
systems of choice for studies involving developmental cell death, providing an ideal genetically tractable model
of intermediary complexity between Caenorhabditis elegans and mammals. The lessons learned from studies
using Drosophila indicate both the conserved nature of the many cell death pathways as well as novel and unex-
pected mechanisms. In this article we review the understanding of PCD during Drosophila development,
highlighting the key mechanisms that are evolutionarily conserved as well as apparently unusual pathways,
which indicate divergence, but provide evidence of complexity acquiredduring organismic evolution. This article
is part of a Special Section entitled: Cell Death Pathways. Guest Editors: Frank Madeo and Slaven Stekovic.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Asdiscussed in various other articles in this special issue, programmed
cell death (PCD), often mediated by a highly conserved pathway
termed apoptosis, is essential for normal development of metazoans
[1]. Generally, PCD is required for the removal of superﬂuous or
damaged cells, thus not only protecting animals from the harmful
effects of damaged cells, but also remodelling and sculpting tissues
during morphogenesis [2]. The majority of developmental PCD in
Drosophila appears to be dependent on canonical (as established
from studies in Caenorhabditis elegans) caspase mediated apoptosis.
However, other modes of PCD also function during Drosophila devel-
opment, including autophagy [3]. Compared to our understanding of
the molecular mechanisms regulating apoptosis, the mechanism and
regulation of autophagy during cell death is only beginning to be uncov-
ered. This review focuses on the molecular machinery of apoptosis and
the regulation of speciﬁc cell death modalities during Drosophila
development.
The Drosophila life cycle consists of four distinct stages, embryo,
larva (ﬁrst, second and third instar stages), pupa (prepupa and pupa
stages) and adult. Cell death can be seen during early embryogenesis
with apoptotic cells evident around 6 h following egg deposition and
becoming more widespread throughout the embryo [4]. During larvalCell Death Pathways. Guest
y, SA Pathology, Frome Road,
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rights reserved.stages, PCD can be seen in many tissues and is most evident in the cen-
tral nervous system. Speciﬁc signalling pathways control cell death that
is critical for the selective removal of cells during tissue morphogenesis
[5]. Differentiation of the adult eye from the imaginal tissue during
pupal development involves the precise patterning of interommatidial
cells surrounding the photoreceptor clusters, and superﬂuous cells are
eliminated by apoptosis [6–8]. Most dramatic cell death is evident dur-
ing larval–pupal transition where many larval tissues undergo deletion
that is primarily controlled by the steroid hormone ecdysone [9]. As
discussed below, this massive cell death is transcriptionally controlled
by nuclear hormone receptors and a set of transcription factors which
impart spatial and temporal regulation. Furthermore, as large tissues
are deleted cell death seems to involve mechanisms other than canon-
ical apoptosis. Cell death also occurs during oogenesis where the nurse
cells die and dump their contents into the developing oocyte, and in the
removal of defective egg chambers. This type of cell death is also regu-
lated by ecdysone signalling [10], but has distinct molecular features
that are not seen in metamorphic cell death.
2. Components of the cell death pathway
The genetic basis of metazoan cell death was ﬁrst discovered in
C. elegans where four main genes/proteins, EGL-1, CED9, CED4 and
CED3, constitute the cell death apparatus [11–14]. EGL-1, a BH3-only
protein is required to antagonize CED9, a prosurvival Bcl-2-like protein.
CED9 binds CED4, an adaptor protein required for the activation of
caspase CED3. Upregulation of EGL-1 by death stimulus initiates seques-
tration of CED9, allowing CED4 to interact with CED3 and mediating
apoptosome-dependent activation of CED3 [15–18]. This coremachinery
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Fig. 2. Drosophila caspases. A schematic representation of the domain structure of the
seven Drosophila caspases. Initiator caspases Dronc, Dredd and Strica contain a long
prodomain at the amino-terminal, CARD (caspase activation and recruitment domain),
DED (death effector domain) or Ser/The (serine/threonine rich domain) respectively.
Effector caspases Drice, Dcp-1, Decay and Damm lack a long prodomain. The catalytic
domains of caspases consisting of small and large subunits are indicated.
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one or more homologues and similarly centres around the activation of
caspases.
While caspases (homologues of CED-3) and caspase activation
mechanisms are fundamentally conserved in Drosophila, perhaps
the most surprising difference is the lack of a BH3-like (EGL-1 homo-
logue) protein involved in cell death (Fig. 1) [19]. Since BH3 proteins
control caspase activation by inhibiting the functions of antiapoptotic
Bcl-2 family members (CED-9 in C. elegans, Bcl-2, Mcl-1 and Bcl-xL in
mammals) and mediating the activation of proapoptotic Bax and Bak
in mammals, equivalent pathways appear to be absent in Drosophila.
Consistent with this assumption, the two Drosophila Bcl-2-like pro-
teins Debcl and Buffy play relatively minor roles in apoptosis, func-
tioning only in speciﬁc context. On the other hand inhibitor of
apoptosis proteins (IAPs), especially DIAP1 (an E3 ubiquitin ligase),
play an essential role in suppression of caspase activation, and the re-
moval of IAPs is critical in initiating caspase activation and apoptosis
(described below).
2.1. Drosophila caspases and activation machinery
In Drosophila there are 7 caspases, three of which, Dronc, Dredd
and Strica contain long prodomains, and four, Drice, Dcp-1, Decay
and Damm lack a long prodomain [20–27] (Fig. 2). From genetic
studies, it is now well established that Dronc, with a caspase activa-
tion and recruitment domain (CARD), is the primary initiator caspase
(functionally similar to caspase-9 in mammals) [28]. Consistent with
this, Dronc activation requires dimerization and the recruitment of
Dark/Ark, a CED4/Apaf-1 like adaptor protein that assembles into a
caspase activation platform, commonly known as the apoptosome
[29,30].
Dronc is essential for all apoptotic cell death in Drosophila, in-
cluding that occurring during embryogenesis, larval development,
metamorphosis and in response to stress. As dronc is maternally
deposited, droncmutants die during the pupal stage with a dramatic
reduction in PCD during development or following stress [31–35].
However, RNAi mediated knockdown of dronc or embryonic dronc
mutant clones, leads to an almost complete block in apoptosis of em-
bryonic cells [36]. Detailed studies of dronc null mutants demon-
strate that dronc is required for cell death during larval stages, as
well as salivary gland cells during larval–pupal metamorphosisDark
Dronc
Drice
Rpr Hid Grim
Dcp-1
Diap1CED-4
CED-3
CED-9
EGL-1
Fig. 1. The core components of the cell death machinery in C. elegans and Drosophila.
The canonical apoptotic pathway is evolutionarily conserved and central to the regula-
tion of apoptosis is the caspase family. In C. elegans, EGL-1 binds to CED-9, which
enables CED-4 to activate CED-3 initiating apoptosis. In Drosophila, activation of the
initiator caspase Dronc, by the Dark apoptosome, acts to transduce the death signal
by cleavage and activation of effector caspases, Drice and Dcp-1. Activated effector
caspases then cleave many cellular substrates causing ordered dismantling of the
cell. Diap1 is essential for cell survival by binding to and inhibiting Dronc and Drice.
During apoptosis, Rpr, Grim, and Hid bind Diap1, promoting its ubiquitination and deg-
radation, thereby alleviating the block on caspase activation.[31,32]. Dronc function is also required for cell death in the ovary
as a dronc mutation reverts the ovary degeneration defect in the
diap1 mutant, however this function is redundant to other caspases
[34]. In addition to its proapoptotic functions, Dronc also has non-
apoptotic roles in cell migration, spermatid individualization, com-
pensatory cell proliferation, differentiation of sensory organ precur-
sor cells, and tissue remodelling in dendrite pruning [37,38].
As stated above, Dronc is activated via a Dark/Ark-mediated
apoptosome [29] and biochemical studies suggest that initial Dronc
activation can occur by dimerisation without processing of the Dronc
zymogen [39]. Following dimerisation Dronc autocleavage leads to
stabilization of the dimer [39]. The apoptosome presumably allows
the initial activation of Dronc by recruiting the zymogen. Recent struc-
tural studies suggest that the Dark apoptosome bound to Dronc forms
a single ring structure made of 8 molecules of Dark where CARDs
form a crown on the central hub of the Dark apoptosome [30]. While
sharing overall similarity with the Apaf1 apoptosome, the unique fea-
ture of the Dark apoptosome is that it can form without the need for
cytochrome c [30,40,41]. Consistent with a key role in Dronc activation,
studies with null mutants indicate that loss of dark phenocopies the
loss of dronc, showing tissue hyperplasia, reduced caspase activation
and apoptosis [42–47]. Interestingly, as described below Dronc/Dark-
dependent cell death is not required for the removal of some speciﬁc
tissue [48].
Another long prodomain containing caspase is Dredd, which con-
tains two death effector domains (DEDs) and is thus similar to mam-
malian caspase-8 [20]. The DED domains of Dredd are important for
its interaction with the adaptor dFADD (Fas-associated death do-
main) [49]. Although initially suggested to play a role in apoptosis
[20], subsequent studies indicate that the function of Dredd is main-
ly in the innate immune response in Drosophila. In this pathway Toll
receptor activates Dredd that mediates proteolytic processing and
activation of Relish, a NFκB-like transcription factor [50–52]. Addi-
tionally, Dredd has a role in sperm individualization [53].
Strica, the other potential upstream/initiator caspase in Drosophila,
contains a unique Ser/Thr-rich prodomian of unknown function [23].
While strica mutants develop normally, this caspase appears to play
context speciﬁc cell death functions. For example, the null mutants of
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while ovaries of strica and dronc double mutants contain defective
mid-stage egg chambers and mature egg chambers with persisting
nurse cell nuclei, suggesting redundant roles for these caspases in PCD
during oogenesis [54]. This functional redundancy is also apparent in
apoptosis of a group of interneurons (vCrz) that produce corazonin
neuropeptide [55]. While vCrz apoptosis is suppressed in dronc-null
mutants and not in strica-null mutants, the dronc and strica double
mutants show a more severe phenotype than a dronc mutant alone,
suggesting that Strica plays a small but signiﬁcant role in vCrz apoptosis
that partially overlaps with the function of Dronc [55].
Among the four caspases lacking a prodomain, Drice is the main
effector caspase in Drosophila apoptosis pathway, being most abundant
and is functionally analogous to caspase-3 in mammals [24,28]. drice
null mutants show substantially reduced apoptosis in many tissues
but are not as severe as dronc mutants [35,56,57]. The effector caspase
Dcp-1 shares strong homology with Drice and caspase-3 and functions
redundantly in apoptosis [35,54–57]. Despite its close similarity with
Drice, Dcp-1 is not essential for apoptosis and null mutants do not show
any overt defects but rather display defects in starvation-induced cell
death during oogenesis [35,56–59]. However, dcp-1 and drice double
mutants show a much stronger apoptosis inhibition phenotype than
either gene alone and these dcp-1/drice double mutants somewhat
mimic the phenotype of dronc null animals [57]. These results suggest
that Dronc is the essential initiator caspase, Drice the main effector
caspase and Dcp-1 is required redundantly in some cells alongside
Drice. Once activated, Dronc cleaves and activates Drice and Dcp-1,
which then go on to cleavemany of the caspase substrates in cells under-
going apoptosis [60].
The remaining two caspases lacking prodomains, Decay and Damm,
appear to be dispensable for most developmental cell death. Decay is
highly expressed in dying larvalmidguts [22,48], but decay nullmutants
and knockdown lines do not show any overt phenotype [35,61]. The
role of the high level of Decay in larvalmidguts is unclear as knockdown
or inhibition of this activity does not affect midgut removal [48]. There
is some evidence suggesting that Decaymaywork redundantlywith the
canonical apoptotic machinery in speciﬁc context and overexpression
of Damm in transgenic ﬂies disrupts patterning of the eye [27,61]. How-
ever, the signiﬁcance of these observations in developmental cell death
remains to be established.
2.2. Drosophila inhibitor of apoptosis proteins
Theprevention of inappropriate caspase activation duringDrosophila
development is important for viability and inhibitor of apoptosis
proteins (IAPs) are the main regulators of cell survival. IAPs are
conserved proteins, ﬁrst discovered in Baculovirus [62]. They con-
tain one or more BIR (baculovirus IAP repeat) motifs and a RING
type ubiquitin ligase domain [63]. There are four IAPs in Drosophila,
Diap1, Diap2, dBruce and Deterin [64]. Among the IAPs, Diap1 is
most important and a critical regulator of cell survival. Binding of
Diap1 via its BIR domain prevents Dronc activation and Diap1
removal alone is sufﬁcient to induce rapid and spontaneous caspase
activation and cell death [65,66]. Initially it was thought that Diap1
mediated ubiquitination and degradation was the main mechanism
to control Dronc [67–69]. However Dronc is a long-lived protein and its
turnover does not appear to be a mechanism of its regulation. Consis-
tent with this prediction, recent data suggest that Diap1-mediated
ubiquitination does not lead to proteasomal degradation of full-length
Dronc, rather ubiquitination blocks processing and activation of Dronc
[70]. In addition to binding and inhibiting Dronc, Diap1 also inhibits
the activity of downsteam effector caspases Drice and Dcp-1 [71,72].
Another IAP, dBruce also appears to regulate caspase activation in
speciﬁc contexts such as during spermatid individualization [73,74].
dBruce has an additional role in cell death during oogenesis [59,75].
Diap2 has a relatively minor function in apoptosis, and is probablymore important in the Drosophila innate immune response pathway
than in developmental cell death [76–79]. Finally, the function of
Deterin in developmental cell death remains unknown [80].
2.3. IAP antagonists
The ﬁrst cell death genes discovered in Drosophila by genetic analysis
identiﬁed a chromosomal deﬁciency (H99) that resulted in a loss of devel-
opmental cell death. The H99 deﬁciency deletes three genes, reaper (rpr),
head involution defect (hid/Wrinkled) and grim [81–83]. These genes all
encode IAP antagonists with amino-terminal RHG motifs (IAP-binding
motif) [84] and cooperate to induce cell death in embryos and other
tissues, but are not required for nurse cell death during oogenesis [85].
Additional RHGmotif containing proteins have been identiﬁed including
Jafrac2, Sickle and Omi/HtrA2 [86–92]. As well as binding caspases, the
IAP BIR domains interact with the RHGmotif in Rpr, Hid and Grim, lead-
ing to RING domainmediated ubiquitination. In cells initiated to under-
go apoptosis, the proapoptotic proteins RHG bind Diap1 promoting its
autoubiquitination and degradation, thus relieving its inhibitory effects
on caspases [69,93–95].
2.4. The Bcl-2 homologues in Drosophila
Surprisingly, Bcl-2 family members in Drosophila do not seem to
play a central role in apoptosis regulation. In a way this would be
expected as the primary function of both prosurvival and proapoptotic
Bcl-2 proteins is to control the release of cytochrome c frommitochon-
dria, which is required for the formation of the mammalian Apaf-1
apoptosome, but not for Dark apoptosome [29,30]. BH3-only proteins
such as Bim, Noxa and Puma mediate the signalling that leads to mito-
chondrial outer membrane permeabilization and cytochrome c release
by directly activating pore forming Bax and Bak proteins and/or
antagonising prosurvival members Bcl-2, Bcl-x and Mcl-1 [96]. As
cytochrome c is not necessary for apoptosome formation in Drosophila,
this function of the Bcl-2members has probably become redundant [40].
Consistent with this hypothesis, there are no BH3-only proteins in
Drosophila. The two Bcl-2-related proteins in Drosophila are Debcl/
dBorg-1/dRob-1 and Buffy/dBorg-2 [97–101]. These proteins share the
BH1, BH2, BH3 and carboxy-terminal transmembrane domains of the
Bcl-2 family of proteins, but have no amino-terminal BH4 domain,
which distinguishes the proapoptotic Bcl-2 family members from the
prosurvival Bcl-2 proteins [102].
Both Debcl and Buffy are most related to the mammalian Bok
proapoptotic protein [103], and as such overexpression of Debcl in trans-
genic ﬂies and Buffy in Drosophila cell lines results in ectopic cell death
[97–99,104]. Buffy also seems to have a prosurvival role in transgenic
ﬂies [101] and Debcl protects neurons from expanded polyglutamine-
induced toxicity [105], suggesting that both Debcl and Buffy have
prosurvival and proapoptotic activities. However, null mutants of buffy
or debcl, or the double mutants lacking both, have no developmental
phenotype suggesting that they are not essential for developmental
cell death [106]. Interestingly though, data shows that DNA damage-
induced apoptosis is suppressed by Buffy, and Debcl inhibits Buffy's
prosurvival function [106]. Additionally, Debcl appears to be required
for pruning cells in the developing central nervous system [107]. The
alternative cell death that occurs during spermatogenesis requires Buffy
and Debcl [108]. Finally, the loss of buffy has been shown to promote
microchaete glial cell survival suggesting that Buffy has a proapoptotic
function in developmental cell death in vivo [109]. Thus it appears that
the Drosophila Bcl-2 members, while not essential for animal survival
and development, have tissue and context speciﬁc functions.
3. Eiger-induced cell death
In mammals, caspase-dependent apoptosis is mediated by two
main pathways, the death receptor (extrinsic) pathway and the
EcR/USP
BR-C E93 E74A
ecdysone
rpr
dronc
rpr
hid
dronc
rpr
hid
dark
dronc
drice
hid
drice
prepupa pupa
Fig. 3. Ecdysone induced gene hierarchy that controls larval salivary gland cell death.
During metamorphosis the prepupal pulse of ecdysone triggers salivary gland PCD. Ec-
dysone binds to its heterodimeric receptor EcR/USP that regulates transcription of ap-
optotic genes both directly and indirectly through other transcription factors, BR-C,
E93, and E74A.
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induced by ligand-mediated activation of the tumour necrosis factor
(TNF) family of receptors and involves FADD-mediated activation of
caspase-8. The Drosophila genome encodes single orthologues of TNF
and TNF receptor (TNFR) family proteins, Eiger (Egr) and Wengen
(Wgn) respectively [111–114], suggesting that at least in part the
extrinsic cell death pathway may be conserved. The expression of
Egr promotes cell death through the receptor Wgn, by activating
the JNK pathway; the JNKK kinase (dTAK1), the JNK kinase (Hep),
and JNK (Bsk) [111,113]. While Eiger-induced JNK-dependent cell
death can be prevented by DIAP1, there only appears to be a minimal
contribution of caspase activity [111]. Blocking the activation of
caspases by expression of dominant-negative Dronc or the baculovirus
caspase inhibitor p35 only marginally suppresses Eiger-induced cell
death [111]. Whereas, the expression of Diap1 strongly suppresses the
Eiger-induced eye phenotype and reducing diap1 enhances it [111].
Thus, even though Eiger-induced JNK-dependent cell death can be
inhibited by Diap1, the roles of caspases in this process are yet to be
fully understood. To gain an insight into the molecular basis of Eiger-
induced cell death, a genetic screen identiﬁed components of metabolic
pathways that act downstream of JNK speciﬁcally in Eiger-induced
nonapoptotic cell death [115]. In this model, Eiger expression leads to
the JNK-dependent production of ROS and further investigation into
the consequence of this will be important.
4. Cell death during larval–pupal metamorphosis
During metamorphosis, obsolete larval tissues including the salivary
glands and midgut are removed in response to changes in the concen-
tration of steroid hormone ecdysone [116,117]. Salivary gland cell
death requires both apoptosis and autophagy and the inhibition of
both pathways completely block tissue degeneration [118]. Despite the
high level of caspase activity present, the removal of larval midgut
requires autophagy but not caspases [48].
4.1. Transcriptional regulation of salivary gland PCD
Correct transcriptional regulation of cell death genes is crucial for
the spatio-temporal patterns of PCD during development. Together
with various cofactors, the heterodimeric nuclear hormone receptor
complex consisting of the ecdysone receptor (EcR) and ultraspiracle
(USP) initiates transcriptional reprogramming during salivary gland
PCD [119,120].
Prior to the transcriptional reprogramming for salivary gland PCD,
preparation initiates during the larval stage. The ecdysone pulse during
the third larval instar stage promotes the activation of EcR and its
transcriptional co-activator CREB binding protein (CBP) that act to
down-regulate the level of diap1 [121]. The reduced levels of Diap1
are sufﬁcient to prevent early cell death, while remaining sensitive
enough to be overcome by the later induction of cell death genes. Sali-
vary gland cell death is prevented during the larval stages due to Fork
head (Fkh) mediated-repression of rpr and hid. In response to the
subsequent ecdysone pulse at the larval–pupal transition activation
of EcR/USP complex leads to the induction of Broad Complex (BR-C)
releasing the transcriptional block on rpr and hid through the down-
regulation of fkh [122]. Thus enabling the temporal induction of salivary
gland PCD in response to the later prepupal pulse of ecdysone.
In response to the prepupal–pupal pulse of ecdysone, EcR/USP
complex regulates the expression of primary-response genes, in-
cluding those that encode transcription factors BR-C, a zinc ﬁnger
transcription factor, E74 an ETS-domain transcription factor, and
E93 a novel site-speciﬁc DNA binding protein [123–126]. These tran-
scription factors, BR-C, E75 and E93, act to amplify the signal by
directly regulating transcription of secondary-response genes, in-
cluding rpr, hid, dronc and dark (Fig. 3) [127–129]. In addition, EcR/
USP directly regulates cell death gene rpr and dronc [129–131].EcR/USP also acts to repress expression of the orphan nuclear recep-
tor βFTZ-F1 that acts as a competence factor during earlier stages to
prime the salivary gland for PCD [132].
In addition to caspase activation, another prominent feature of
salivary gland cell death is autophagy. Autophagy is a catabolic pro-
cess that involves engulfment of cytoplasmic components and long-
lived proteins into lysosomes for degradation [133]. An essential
step is the formation and elongation of a double-membrane vesicle,
the autophagosome, to sequester cytoplasmic material. This multistep
process requires the products of numerous autophagy speciﬁc (Atg)
genes. The loss of functionmutations or gene speciﬁc knockdown of nu-
merous Atg genes all result in a dramatic delay in the removal of the lar-
val salivary glands [118]. Therefore the induction of autophagy is also
important for salivary gland removal. Coinciding with the ecdysone
pulse that triggers salivary gland PCD, there is an increase in the expres-
sion of many Atg genes such as Atg2, Atg4, Atg5, Atg6, Atg7, Atg9 and
Atg12 [134,135]. Whether EcR and other transcription factors such as
BR-C, E74 and E93 directly regulate these genes will need to be
determined.
The induction of apoptotic genes by ecdysone can occur through di-
rect binding of EcR/USP to the conserved sequences found in the pro-
moters. An ecdysone response element has been mapped for dronc
and rpr genes [127,129,130]. Similarly, BR-C also binds to the dronc
and drice promoter through BR-C binding sites [127,131,136]. In addi-
tion, the recruitment of nuclear receptor cofactors, including histone
modifying enzymes, to ecdysone-regulated gene promoters plays an
important role in regulating the timing of hormone-induced gene ex-
pression. The arginine–histone methyltransferase CARMER is recruited
to EcR/USP and required for ecdysone-mediated apoptosis in cells
[137]. This is antagonised by a novel cofactor, lysine ketoglutarate
reductase/saccharopine dehydrogenase (dLKR/SDH) that inhibits
CARMER mediated histone modiﬁcation, and binds EcR/USP to
regulate hormone-mediated transcription of cell death genes [138].
Similarly, the novel EcR coactivator dDOR is required for the correct
timing of salivary gland degradation [139].
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The larval midgut is removed in response to a pulse of ecdysone at
the end of the third instar larval stage [140]. Similar to PCD of the
salivary glands, cell death genes are up-regulated during midgut cell
death, such as rpr and hid by BR-C and dronc by E93 [140]. However,
there are distinct differences that have been identiﬁed. Interestingly,
the high caspase activity observed in dying midgut is mainly contrib-
uted by Decay and it has been found to be dispensable for
midgut removal [48]. Unlike salivary gland PCD that requires both
caspase activity and autophagy for complete removal, in the midgut
autophagy suppression alone through mutations or knockdown of
Atg1, Atg2, and Atg18 severely delays its PCD [48]. Consistent with
this, expression of Atg1 is sufﬁcient to induce premature midgut re-
moval [141]. Although Atg genes such as Atg1, Atg2, Atg3, Atg4, Atg7,
Atg6, Atg8a, Atg12 and Atg18 are found to be up-regulated just before
midgut histolysis [48], direct regulation by EcR/USP complex is
yet to be conﬁrmed.
5. Regulation of germline cell death
5.1. Cell death during oogenesis
Distinct forms of cell death occur during oogenesis that requires
overlapping functions of caspases however the mechanism of caspase
activation is not clear as IAP antagonists are not required. Developmen-
tally regulated PCD of nurse cells occurs late in oogenesis whereas
during mid-oogenesis stress-induced cell death is required for the
removal of defective egg chambers.
As a normal part of oocyte maturation, PCD in late oogenesis
removes excess nurse cells and follicle cells [85,142,143]. This occurs
by distinct PCD pathways that require the caspases strica, dronc, drice,
and dcp-1 in redundant roles but not rpr, hid, grim, skl, debcl and Cyt-c
[54,58,85,144]. Consistentwith thiswhenDiap1 is ectopically expressed
in the ovary, nurse cell death still occurs [145]. This developmental PCD
also requires autophagy and removal of dBruce, as germline mutant
clones of autophagy genes accumulate dBruce in late stage egg cham-
berswith persisting nurse cells without fragmented DNA [146]. Howev-
er, egg chamber defects have not been identiﬁed using alternative
genetic analysis, and further studies are needed to understand the role
of autophagy during oogenesis [147].
Two checkpoints act in response to stress, starvation or develop-
mental defects at germarium and mid-stage oogenesis to induce cell
death, requiring both autophagy and apoptosis to eliminate defective
egg chambers [148]. These checkpoints require the effector caspase
Dcp-1, as starved dcp-1 mutants have defective egg chambers with
persisting uncondensed nurse cell nuclei and decreased autophagy
[58,59,75]. Themechanism of Dcp-1 activation is unclear as double mu-
tants lacking the initiator caspases strica and dronc only partially disrupt
PCD inmid-stage oogenesis. Interestingly, Dcp-1 expression is sufﬁcient
to induce autophagy and egg chamber degeneration during mid-stage
oogenesis [59]. However, autophagy appears to have a minor role
during this stage. Autophagy-deﬁcient egg chambers show normal
chromatin condensation, but reduced levels of DNA fragmentation
[59,75]. Under nutrient rich conditions dBruce acts to negatively regu-
late autophagy and cell death [59]. Similar to the late-stage cell death,
IAP antagonists are not required for mid-stage cell death [144]. Thus
PCD during oogenesis appears to utilize a novel pathway leading to
caspase activation that requires autophagy.
5.2. Functions of caspase activity during spermatogenesis
The spontaneous elimination of approximately one-third of the dif-
ferentiating male germ cells occurs prior to meiosis. Recent studies
have shown that in Drosophila, this process involves a novel form of
cell death that requires Dronc activity independent to the apoptosomeand downstream effector caspases. The germ cells undergo death with
morphological features of both apoptosis and necrosis [108]. This germ
cell death requires lysosomal enzymes and mitochondrial proteins
HtrA2/Omi, Pink1, Buffy, Debcl, and endonuclease G revealing an impor-
tant context speciﬁc role of the Drosophila Bcl-2 proteins in develop-
mental cell death [108].
In addition, localised caspase activation is also required during
spermatid terminal differentiation called spermatid individualiza-
tion. However, this activity has a non-apoptotic function to degrade
the cytoplasmic remnants [53,149]. Caspase activation machinery
is required as sperm individualization defects are observed in dark
and dronc mutants [53,150]. This individualization involves the
activity of multiple caspase activators, including Hid, Dark and
Fadd, and the caspases Dronc, Dcp-1, Drice, and Dredd [53,56,149].
In addition, a testes speciﬁc cytochrome c gene cyt-c-d appears to be
necessary for caspase activation [53,56,149,150]. The localised caspase
activation is achieved due to a gradient of expression of Soti, an inhibi-
tor of a Cullin-3 E3 ubiquitin ligase complex that is required for caspase
activation by targeting dBruce for degradation. Soti competes with
dBruce for binding to Cullin-3 E3 complex thus producing a gradient
of dBruce that ultimately results in an inverse gradient of caspase activ-
ity. This results in spatially localised caspase activation to promote
caspase-dependent differentiation while preventing apoptosis [74].
6. Conclusions
As reviewed here studies from Drosophila suggest conserved and
nonconservedmechanisms of PCD during development. Not surprising-
ly most developmental PCD is through apoptotic mechanisms, even
though some of the components of the canonical machinery in
C. elegans and mammals, especially the Bcl-2 homologues appear not
be critical for PCD inDrosophila. The nonapoptotic cell deaths during de-
velopment, discovered through genetic studies in the ﬂy are intriguing.
Clearly, better understanding of these relatively poorly exploredmodal-
ities, their regulation, origins and evolutionary conservation remain a
priority.
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